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14.  ABSTRACT  (continued) 

was  to  obtain  data  to  improve  our  understanding  of  ocean  wave  multipath  physics,  and 
explore  means  of  improving  the  existing  models  for  multipath  signals  generated  by 
rough  ocean  surfaces.  To  meet  these  needs,  the  test  also  consisted  of  multipath 
measurements  in  addition  to  the  sea  clutter  measurements.  The  former  consisted  of 
tests  that  measured  the  RCS  of  trihedrals  mounted  on  a  small  boat,  which  varied  the 
trihedrals'  position  in  range  and  height,  to  provide  a  means  of  evaluating  RCS  from  a 
known  source  and  source  location  over  a  rough  ocean  surface.  Independent  measurements 
of  the  wave  field  were  also  performed  using  (i)  an  instrumented  small  boat  positioned 
near  the  region  being  measured  by  the  radars,  (ii)  miniature  wave  buoys  deployed  from 
the  small  boat,  and  (iii)  by  semi-permanent  wave  buoys  operated  in  the  vicinity  of  the 
test  area.  The  wave  climatology  near  the  SIO  pier  was  generally  of  low  sea  state  with 
approximately  unidirectional  waves  that  contained  contributions  from  both  wind  seas 
and  swell.  In  addition,  tide  and  wind  data  were  collected  at  permanent  environmental 
sensor  stations  located  at  the  SIO  pier.  This  report  describes  the  instrumentation 
and  experiments  as  well  as  provides  examples  of  the  acquired  data,  discussion  on 
analysis  plans,  and  some  sample  preliminary  results. 
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ABSTRACT 


This  report  describes  a  set  of  experiments  performed  in  support  of  ONR’s  Environmental  Sensing  and 
Motion  Forecast  (ESMF)  Program.  The  goal  of  the  experiments  was  to  obtain  data  to  evaluate  the  ability 
of  low-grazing  angle  radars  to  provide  near-field '  near-real  time  sea  state  data  suitable  for  enabling  a 
high-fidelity  ship  control  system  to  control  ship  motion  during  Sea  Basing  ship-to-ship  logistic  operations 
in  Sea  State  4  and  below.  More  specifically ,  the  test  evaluated  the  ability  of  radars  to  quantify 
characteristics  of  ocean  waves  via  their  radar  cross-section  and  Doppler  signature.  Measurements  were 
performed  using  two  different  types  of  radar:  an  SCI,  Inc.,  DREAM  calibrated  linear  FM  homodyne  X- 
and  Ku-band  instrumentation  radar,  and  an  uncalibrated  Furuno  X-band  navigation  radar  integrated 
with  the  WaMoS  II®  ocean  monitoring  system.  Both  radars  were  mounted  at  the  end  of  the  Scripps 
Institution  of  Oceanography  (SIO)  pier  in  La  Jolla,  CA,  and  measured  ocean  waves  in  a  region 
approximately  one  nautical  mile  offshore.  Another  key  component  of  this  test  was  to  obtain  data  to 
improve  our  understanding  of  ocean  wave  multipath  physics,  and  explore  means  of  improving  the 
existing  models  for  multipath  signals  generated  by  rough  ocean  surfaces.  To  meet  these  needs,  the  test 
also  consisted  of  multipath  measurements  in  addition  to  the  sea  clutter  measurements.  The  former 
consisted  of  tests  that  measured  the  RCS  of  trihedrals  mounted  on  a  small  boat,  which  varied  the 
trihedrals '  position  in  range  and  height,  to  provide  a  means  of  evaluating  RCS  from  a  known  source 
and  source  location  over  a  rough  ocean  surface.  Independent  measurements  of  the  wave  field  were 
also  performed  using  (i)  an  instrumented  small  boat  positioned  near  the  region  being  measured  by  the 
radars,  (ii)  miniature  wave  buoys  deployed  from  the  small  boat,  and  (iii)  by  semi-  permanent  wave  buoys 
operated  in  the  vicinity  of  the  test  area.  The  wave  climatology  near  the  SIO  pier  was  generally  of  low 
sea  state  with  approximately  unidirectional  waves  that  contained  contributions  from  both  wind  seas  and 
swell.  In  addition,  tide  and  wind  data  were  collected  by  permanent  environmental  sensor  stations  located 
at  the  SIO  pier.  This  report  describes  the  instrumentation  and  experiments  as  well  as  provides 
examples  of  the  acquired  data,  discussion  on  analysis  plans,  and  some  sample  preliminary  results. 
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INTRODUCTION 


This  report  describes  a  set  of  experiments  performed  in  support  of  the  Office  of  Naval  Research's 
Environmental  Sensing  and  Motion  Forecast  (ESMF)  Program.  The  primary  objective  of  the  experiments 
was  to  obtain  data  to  evaluate  the  ability  of  low-  grazing  angle  radars  to  provide  near-field,  near-real  time 
sea  state  data  suitable  for  enabling  a  high-fidelity  ship  control  system  to  control  ship  motion  during 
Sea  Basing  ship-to-ship  logistic  operations  in  Sea  State  (SS)  4  and  below.  More  specifically,  the  test 
evaluated  the  ability  of  radars  to  quantify  characteristics  of  ocean  waves  via  their  radar  cross-section 
(RCS)  and  Doppler  signature.  Measurements  were  performed  using  two  different  types  of  radar:  an  SCI, 
Inc.,  DREAM  calibrated  linear  FM  homodyne  X-  and  Ku-band  instrumentation  radar,  and  an  uncalibrated 
Furuno  X-Band  navigation  radar  integrated  with  the  WaMoS  II®  ocean  monitoring  system.  Both 
radars  were  mounted  at  the  end  of  the  Scripps  Institution  of  Oceanography  (SIO)  pier  in  La  Jolla,  CA,  and 
measured  ocean  waves  in  a  region  approximately  one  nautical  mile  offshore.  A  subsequent  effort 
performed  a  similar  evaluation  with  the  systems  installed  aboard  the  research  vessel  MELVILLE ;  a 
description  of  these  tests  is  provided  in  a  separate  report. 

The  success  of  the  ESMF  program,  as  well  as  the  execution  of  the  Sea  Basing  mission,  is  predicated 
upon  using  accurate  environmental  sensor  information  to  predict  and  control  platform  motion.  An 
existing  ocean  wave  measurement  radar  system,  WaMoS  II,  requires  periodic  calibration  using  a  local 
wave  buoy  to  accurately  quantify  significant  wave  height  [1] — a  practice  not  suitable  for  ESMF 
applications.  One  of  the  potential  factors  associated  with  this  shortcoming  is  insufficient  treatment  of 
multipath  effects.  Therefore,  the  secondary  objective  of  these  tests  was  to  obtain  data  to  improve  our 
understanding  of  ocean  wave  multipath  physics,  and  explore  means  of  improving  the  existing  models  for 
multipath  signals  generated  by  rough  ocean  surfaces.  To  meet  both  objectives,  the  test  involved  sea 
clutter  measurements  as  well  as  multipath  measurements.  The  latter  consisted  of  tests  that  measured  the 
RCS  of  trihedrals  mounted  on  a  small  boat,  which  varied  the  trihedrals’  position  in  range  and  height,  to 
provide  a  means  of  evaluating  RCS  from  a  known  source  and  source  location  over  a  rough  ocean  surface. 
This  report  summarizes  both  parts  of  the  experiments. 

Both  test  objectives  required  independent  measurements  of  the  wave  field.  These  measurements 
were  performed  using  (i)  an  instrumented  small  boat  positioned  near  the  region  being  measured  by 
the  radars,  (ii)  miniature  wave  buoys  deployed  from  the  small  boat,  and  (iii)  semi-permanent  wave  buoys 
operated  in  the  vicinity  of  the  test  area.  The  wave  climatology  near  the  SIO  pier  was  generally  of  low  sea 
state  with  approximately  unidirectional  waves  that  contained  contributions  from  both  wind  seas  and 
swell.  In  addition,  tide  and  wind  data  were  collected  by  permanent  environmental  sensor  stations  located 
at  the  SIO  pier.  This  sea  state  and  environmental  data  were  needed  to  support  both  the  sea  clutter  and 
multipath  tests.  For  the  former,  development  of  algorithms  and  evaluation  of  radar  performance  for 
characterizing  the  wave  field  requires  independent  knowledge  of  the  sea  state  for  comparisons.  It  is 
important  that  more  than  one  conventional  source  of  wave  data  were  collected  because  natural  wave  fields 
are  not  homogenous  or  stationary;  thus,  multiple  sources  of  wave  data  provide  a  means  of  evaluating  the 
spatial  and  temporal  variability  of  the  wave  field.  For  multipath  tests,  characterization  of  the  sea  state  is 
required  to  determine  how  multipath  effects  vary  with  sea  state. 

This  document  first  describes  the  instrumentation  used  in  the  tests.  Following  this  section,  the  sea- 
state,  multipath  and  sea  clutter  measurements  are  each  described  in  their  respective  sections,  which 
include  a  description  of  the  experiments  along  with  sample  results  from  preliminary  post-processing  of 
the  data.  The  last  section  summarizes  ongoing  and  future  analysis  plans. 
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INSTRUMENTATION 


This  section  describes  the  various  sensors  deployed  for  these  tests.  Details  regarding  how  the 
instrumentation  was  used  for  sea  state,  multipath,  and  sea  clutter  tests  are  discussed  in  their  respective 
sections. 

1.  Vessel 

A  7.6  m  (25  ft)  vessel,  a  Parker  craft  (hereafter  referred  to  as  the  Parker)  was  used  in  various  aspects 
of  the  tests  including  target  mounting,  wave  buoy  deployment,  and  sea  state  measurements.  The  vessel 
was  operated  by  the  SIO  Coastal  Observing  Research  and  Development  Center. 

2.  Senix  Ultrasonic  Distance  Probes 

Three  Senix  TSPC-15S-232  ultrasonic  distance  sensors  were  utilized.  Each  measured  height  above 
the  water  surface  by  measuring  travel  times  of  sound  waves.  They  were  setup  in  slave-master  mode  to 
reduce  crosstalk  between  the  sensors  and  sampled  distance  to  the  water  surface  at  20  Hz.  Stated 
accuracy  of  the  distance  measurements  is  0.25  mm  for  a  maximum  range  of  ±3  m.  The  nominal 
beamwidth  of  the  Senix  sensors  is  12  degrees,  which  means  that  the  sensor  return  may  degrade  when  the 
relative  angles  between  the  surface  and  sensor  orientation  are  more  than  6  degrees.  These  limits  were 
previously  tested  in  the  NSWCCD  basin,  and  sensor  signal  was  shown  to  drop  out  at  angles  greater  than 
about  10  degrees.  For  the  seas  encountered  during  this  test,  this  limit  was  not  often  exceeded,  and  any 
dropouts  were  removed  prior  to  analysis.  In  addition,  when  the  characteristic  scales  of  the  surface 
roughness  are  greater  than  the  wavelength  of  the  ultrasound  frequency,  there  is  a  reduction  in  accuracy. 
The  3  Senix  sensors  were  mounted  on  booms  extending  from  the  Parker.  The  configuration  of  these 
sensors  on  the  Parker  is  shown  in  Figure  1.  This  Senix  array  measured  height  above  the  water  at  three 
different  x,  y,  and  z  locations. 


Figure  1.  (a)  Senix  array  and  IMU.  (b)  Close-up  of  Senix  ultrasonic  distance  sensor. 

3.  Inertial  Measurement  Unit 

A  Crossbow,  model  NAV440,  inertial  measurement  unit  (IMU),  was  installed  aboard  the  Parker 
to  measure  its  motion.  This  data  was  collected  synchronously  with  the  Senix  measurements  at  20  Hz. 
The  IMU  measured  angular  displacement  (roll,  pitch,  and  yaw),  rotation  rate,  and  acceleration  with  an 
accuracy  of  0.02  deg,  0.02  deg  s  ',  and  0.5  mg  (milli-g),  respectively.  The  corresponding  maximum 
ranges  were  ±180  deg  (±90  deg  for  pitch),  ±200  deg  s'1,  and  ±4  g. 

4.  National  Data  Buoy  Center  (NDBC)  Wave  Buoys 
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Two  permanent  National  Data  Buoy  Center  (NDBC)  buoys  recorded  wave  data  in  the  vicinity  of  the 
test  area.  These  two  NDBC  buoys  are  #4623 1  and  #46225,  and  are  located  at  32.748  deg  north  1 17.370 
deg  west  and  32.930  deg  north  1  17.393  deg  west,  respectively.  Both  are  Datawell  Waverider®  buoys, 
and  the  acquired  data  is  available  via  the  World  Wide  Web.  However,  due  to  effects  of  bottom 
topography  and  differences  in  location,  the  wave  field  at  these  buoys  differed  from  that  at  the  test  site; 
thus,  these  measurements  are  only  to  be  used  in  the  event  that  the  other  two  primary  sources  of  wave  data, 
provided  by  miniature  wave  buoys  (see  5.)  and  Senix  sensors  (see  2.)  are  not  available  or  unusable,  and 
the  data  acquired  by  these  buoys  is  not  discussed  further  in  this  report. 

5.  SIO  Miniature  Directional  Wave  Buoys 

The  Scripps  Institution  of  Oceanography  designs  and  manufactures  GPS-based  miniature  directional 
wave  buoys.  Two  miniature  buoys,  #33  and  #34,  were  used  for  these  tests.  One  of  the  buoys  is  shown, 
close-up  and  deployed,  in  Figure  2.  They  measured  water  velocities,  which  were  used  to  obtain  sea 
surface  elevation  spectra  using  linear  wave  theory  from  which  other  wave  statistics  were  computed.  The 
one-dimensional  (1-D)  spectrum  and  wave  statistics  were  computed  on  an  onboard  microprocessor 
and  the  data  were  transmitted  to  a  shore-based  computer  via  wireless  communications.  The  original 
velocity  time  series  were  discarded.  The  transmitted  statistics  included  buoy  position,  GPS  time,  mean 
period  and  direction,  peak  period  and  direction,  significant  wave  height,  and  1-D  energy  spectra.  These 
data  were  sampled  approximately  every  30  min  while  the  buoy  was  deployed.  The  data  was  accessed  at 
the  web  address,  http : //cordc . ucsd . ed u/pro i ects/wa vebuo vs/. 


Figure  2.  SIO  miniature  directional  wave  buoy. 


6.  Environmental  Sensors 

Tidal  and  wind  data  were  obtained  from  the  National  Oceanic  and  Atmospheric  Administration 
(NOAA)  station  #9410230  located  at  the  end  of  the  SIO  peir,  32.867  deg  north  and  1  17.257  deg  west. 
The  wind  speed  and  direction  data  were  provided  hourly,  while  the  tidal  data  were  in  6  min 
increments.  The  anemometer  was  located  approximately  20  m  above  mean  sea  level.  Tidal  water 
level  was  referenced  to  the  Mean  Lower  Low  Water  (MLLW)  datum. 

7.  GPS 

Two  differential  GPS  units,  Magellan  ProMark  3.0,  were  utilized  to  determine  precise  differences  in 
position  between  the  radar  antennas  and  the  position  of  the  Parker.  These  data  were  acquired  at  1  Hz 
with  differential  vertical  position  accuracy  of  ±0.15  m  (0.5  ft)  over  a  ±5.56  km  (3  nmi)  range.  Horizontal 
accuracy,  when  using  differential  corrections,  is  50-70  cm. 
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8.  Instrumentation  Radar 

This  system  was  a  calibrated  linear  FM  homodyne  X-  and  Ku-band  coherent  instrumentation  radar, 
developed  by  Sensor  Concepts  Incorporated  (SCI,  Inc.)  and  referred  to  as  the  DREAM  system.  It  was 
used  for  both  the  sea  clutter  and  multipath  measurements.  The  DREAM  system  transmitted  all 
frequencies,  fc±(Af/2),  simultaneously,  and  received  the  amplitude  and  phase  of  the  return  signal  for  all 
frequencies,  allowing  the  measurement  of  Doppler  (phase)  shifts  as  well  as  calibrated  RCS  backscatter 
intensity.  The  DREAM  system  was  dual-polarized  (had  both  vertical-transmit  and  vertical-receive  (VV), 
and  horizontal-transmit  and  horizontal-receive  (HH)  polarizations)  and  was  operated  at  pulse  repetition 
frequencies  (PRF)  of  400-800  Hz.  It  covered  spatial  extents  of  25-600  m  at  a  resolution  of  10-30  cm, 
much  finer  spatial  resolution  than  was  available  from  the  WaMoS  system  (see  9.),  but  with  much  smaller 
range  extent.  The  DREAM  antenna  was  installed  at  the  end  of  the  SIO  pier,  as  shown  in  Figure  3. 
During  the  experiments,  it  was  approximately  14  m  (46  ft)  above  the  sea  surface.  The  DREAM  antenna 
did  not  rotate,  thus  the  system  collected  1-D  radar  range  images  in  time. 

Calibration  of  this  radar  was  performed  morning,  noon,  and  evening  each  test  day  by  measuring  the 
RCS  of  a  precision  flat  plate  at  a  specially  selected  location  that  minimizes  or  eliminates  any  multipath 
from  the  calibration  signal.  This  calibration  site  is  shown  in  Figure  4. 

9.  Navigation  Radar 

A  Furuno  model  21 17BB  navigation  radar  was  installed  at  the  end  of  the  SIO  pier  and  was  used  for 
sea  clutter  measurements  (Figure  3).  The  Furuno  antenna  was  located  approximately  24  m  (78.7  ft) 
above  MLLW,  transmitted  in  X-band  with  HH  polarization  at  a  sampling  frequency  of  20  MHz,  and  had 
an  antenna  rotation  period  of  ~1.5  s.  The  Furuno  acquired  12-bit  2-D  polar  radar  backscatter  intensity 
images  in  time,  and  the  data  were  collected  within  an  80  deg  sector  centered  on  the  pier’s  heading.  This 
sector  was  setup  to  minimize  any  interference  between  the  Furuno  and  DREAM  radar  systems.  The 
Furuno  data  were  collected  and  automatically  post-processed  by  the  WaMoS  II®  ocean  monitoring 
system  (www.oceanwaves.oru).  The  combined  Furuno/WaMoS  II®  system  is  hereafter  referred  to  as 
WaMoS. 
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Figure  3.  Radar  setup  at  the  end  of  the  SIO  pier. 
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SEA  STATE  MEASUREMENTS 


Experiments  were  performed  in  the  region  just  offshore  the  SIO  pier,  Figure  5,  in  La  Jolla,  CA 
from  26-30  July  2010.  The  330.4  m  (1084  ft)  long  SIO  pier  is  oriented  at  277  deg  true. 
Characterization  of  multipath  effects  associated  with  ocean  surface  waves  as  well  as  the  evaluation  of 
the  ability  of  radars  to  characterize  these  waves  requires  independent  knowledge  of  the  sea  state, 
specifically  wave  statistics  such  as  peak  period,  peak  wave  direction,  mean  period,  frequency  spectra,  and 
significant  wave  height. 


Figure  4.  Calibration  site  and  flat  plate  used  for  DREAM  system  calibration. 


Figure  5.  The  SIO  pier. 


EXPERIMENTS 

Two  local,  independent,  measurements  of  the  sea  state  were  performed  using  conventional  sensors. 
Multiple  sensors  allow  evaluation  of  the  temporal  and  spatial  variability  of  the  wave  field.  One  local 
source  was  provided  by  the  array  of  Senix  ultrasonic  distance  sensors  that  were  installed  aboard  the 
Parker.  The  second  was  provided  by  miniature  directional  wave  buoys  deployed  from  the  Parker. 
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The  3  Senix  ultrasonic  probes  were  used  to  measure  wave  heights  as  the  Parker  drifted  near  the 
region  of  interest  (i.e.,  the  area  illuminated  by  the  radars).  The  data  was  corrected  for  ship  motion  using 
measurements  performed  by  the  IMU.  Motion  correction  was  performed  by  first  converting  measured 
roll  and  pitch  accelerations  to  a  fixed  axis  coordinate  system.  Next,  double  integrations  of  the  vertical 
accelerations  were  computed  to  obtain  heave  displacement  of  the  IMU  and  Senix  sensors.  Finally,  Senix 
roll  and  pitch  corrections  were  calculated  relative  to  the  IMU’s  position,  and  corrections  for  heave,  roll, 
and  pitch  were  added  to  the  Senix  data  to  obtain  the  final  motion-corrected  measurements.  The 
motion  corrected  water  level  measurements  were  used  to  estimate  directional  wave  spectra  using  a 
maximum  likelihood  method  [2,  3]  and/or  a  phase-path-time  difference  (PPTD)  method  [2,  4]  from  which 
various  wave  statistics  were  computed,  including  frequency  spectra,  significant  wave  height,  and  peak 
period.  In  addition,  the  2  SIO  miniature  buoys  were  deployed  from  the  Parker  and  drifted  near  the  region 
of  interest  until  recovered  at  the  end  of  each  test  day.  Tidal  water  level,  wind  speed,  and  wind  direction 
data  were  also  collected  by  a  permanent  measurement  station  located  at  the  SIO  pier. 

SAMPLE  RESULTS 

The  Senix  array  data  were  processed  using  the  PPTD  method  of  computing  wave  spectra,  which  uses 
differences  in  wave  arrival  times  for  gage  triads  to  determine  a  mean  wave  direction  for  each  frequency 
[2,  4].  Integration  over  all  directions  results  in  an  estimate  of  the  1-D  energy  spectrum  as  a  function  of 
frequency.  A  sample  spectrum  along  with  the  buoy-measured  spectrum  at  a  similar  time  is  shown  in 
Figure  6. 

The  Senix  measurements  extend  to  higher  frequencies  than  the  buoy  data,  which  is  limited  by  the 
diameter  of  the  buoy  itself  for  measuring  high  frequency  oscillations.  Conversely,  the  Senix  data  are 
limited  at  low  frequencies  due  to  boat  drift;  too  much  change  in  boat  heading  introduces  error  into  the 
computation  of  the  directional  spectra.  The  increase  in  energy  at  low  frequencies  for  the  buoy  data  is 
associated  with  drift  and  changing  of  GPS  satellites,  which  results  in  an  apparent  low  frequency  signal 
that  should  be  neglected. 


Figure  6.  Sample  Senix  array  and  buoy  spectra  taken  at  a  similar  time  period. 
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MULTIPATH  MEASUREMENTS 


As  discussed  in  the  Introduction,  the  secondary  objective  of  these  tests  was  to  acquire  data 
suitable  to  study  multipath  physics.  Multipath  refers  to  the  propagation  of  electromagnetic  waves 
between  the  antenna  and  target  through  multiple  paths,  which  constructively  and  destructively  interfere 
with  each  other.1  For  horizontal  polarization  at  low  grazing  angle  over  a  perfectly  smooth  and  perfectly 
conducting  surface,  the  analytical  relationship  for  the  ratio  of  the  signal  power  density  received  at  the 
radar  relative  to  that  in  free  space  is  [5]: 

r/A  =  16sin4(2 7iHHt  I XrR)  (1) 

where,  r|  is  the  field  strength  ratio  between  that  in  the  presence  of  a  surface  and  that  in  free  space,  H 
is  the  height  of  the  antenna,  Ht  is  the  height  of  the  target,  \r  is  the  radar  wavelength,  and  R  is  the 
range  between  the  antenna  and  the  target.  These  multipath  (MP)  effects  result  in  the  constructive  and 
destructive  interference  pattern  shown  in  Figure  7. 


Figure  7.  Theoretical  multipath  (MP)  curve  for  HH  X-band. 

However,  the  ocean  surface  is  not  smooth  and  consequently  the  pattern  of  interference  is  much  less 
predictable.  Various  statistical  models  (e.g.,  Gaussian,  Rayleigh,  log-normal)  of  sea  clutter  have  been 
proposed,  but  none  are  able  to  replicate  all  the  observed  features  of  backscatter  from  the  sea  surface  at 
low  grazing  angles  [5].  One  of  the  more  widely  used  models  of  multipath  that  attempts  to  account  for 
surface  roughness  effects  is  the  “Miller-Brown”  model  proposed  by  Miller,  Brown,  and  Vegh  in  1984  [6]. 
This  model  assumes  the  sea  surface  is  composed  of  a  Gaussian  collection  of  sinusoidal  surface  waves 
with  uniform  phase  distribution.  To  improve  upon  such  models,  this  portion  of  the  test  focused  on 
measuring  received  signal  power  density  from  a  known  reflector  over  various  ocean  surfaces  in  an  effort 
to  better  understand  multipath  physics  for  time-dependent,  inhomogeneous  rough  surfaces. 

EXPERIMENTS 

For  these  tests,  the  instrumentation  radar  was  used  to  measure  the  RCS  of  a  pair  of  trihedrals,  one  at 
~1  m  (3  ft)  above  the  water  surface  and  the  other  at  ~2  m  (6  ft),  mounted  on  the  Parker  as  it  drove 
inbound  toward  the  radar.  In  addition,  two  differential  GPS  units  were  operated.  One  was  set-up  at  the 
base  of  the  DREAM  antenna  at  the  end  of  the  pier,  and  the  other  unit  was  on  the  Parker.  This 
configuration  allowed  the  relative  distance  between  the  radar  and  the  small  boat  to  be  measured  with 


1  Ideally,  there  arc  4  paths,  which  can  result  in  total  cancellation  of  radar  return  power  or  amplification  of  the  return 
power  by  up  to  1 6  times  the  free-space  return  power,  depending  on  their  relative  phases. _ 
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high  precision.  Senix  sensors  were  also  positioned  at  the  same  location  as  each  trihedral  to  measure  the 
instantaneous  height  of  each  trihedral  above  the  sea  surface.  Figure  8  shows  this  experimental  setup. 

The  Parker,  rigged  with  the  trihedrals,  was  driven  inbound  at  approximately  2.6  ms'1  (5  knots) 
towards  the  pier  from  specified  waypoints.  Each  path  was  approximately  2.78  km  (1.5  nmi)  long.  The 
Senix  array  measured  the  height  of  each  trihedral  above  the  water  surface  as  the  boat  was  underway, 
and  the  DREAM  system  range-tracked  the  Parker  and  the  trihedrals  over  the  course  of  each  run. 
Table  1  summarizes  the  multipath  runs  performed  during  the  test  period,  and  Table  2  lists  the 
parameters  of  the  DREAM  radar  for  these  runs.  In  total,  about  2  hours  and  10  min  of  multipath  data 
were  collected. 

Although  the  variation  in  sea  state  was  not  large,  multipath  runs  were  performed  under  as  large  a 
range  of  environmental  conditions  as  possible  for  this  time  period  and  location.  Figure  9  shows  the  wind 
speed  and  direction  over  the  course  of  the  test  period,  and  the  blue  diamonds  indicate  the  times  of  the 
multipath  runs.  Table  3  summarizes  the  environmental  conditions  for  each  of  the  corresponding 
multipath  tests  as  measured  by  one  of  the  miniature  wave  buoys  deployed  from  the  Parker  and  the 
anemometer.  The  other  buoy  shows  similar  results.  The  closest  environmental  measurements  to  that  of 
the  radar  data  are  shown,  and  these  times  are  noted  in  the  table. 


Table  1.  Summary  of  multipath  test  runs. 


Date 

Time  (UTC) 

Duration  (min) 

DREAM  Run  Number 

7/27 

20:11 

20 

243 

7/27 

21:04 

19.7 

245 

7/27 

21:54 

19.4 

249 

7/28 

18:09 

17.6 

253 

7/28 

21:57 

17.3 

261 

7/29 

17:22 

17.25 

266 

7/29 

20:47 

19 

271 

Table  2.  DREAM  radar  configuration  for  multipath  runs. 


Logical  Radar  Title 

LR0 

LR1 

LR2 

LR3 

Band  and  Polarization 

X,  HH 

X,  W 

Ku,  HH 

Ku,  W 

Frequency  Steps 

256 

256 

256 

256 

Center  Frequency,  fc  (GHz) 

9.3 

9.3 

15.4 

15.4 

Bandwidth,  Af  (GHz) 

1.5 

1.5 

1.5 

1.5 

Resolution  (m) 

0.10 

0.10 

0.10 

0.10 

Range  Extent  (m) 

25.6 

25.6 

25.6 

25.6 

PRF  (sweeps  s'1) 

400 

400 

400 

400 

integrations 

0 

0 

0 

0 

Doppler(±m  s'1) 

3.24 

3.24 

1.95 

1.95 

Expected  NERCS  (1.85  km  -  single  frequency) 

-1 

-1 

-1 

-1 

Expected  NERCS  (1 .85  km  -range  resolved) 

-25.0 

-25.0 

-25.0 

-25.0 

Sensitivity  (1 .85  km  -  256  sweep  Doppler  NERCS) 

-49.0 

-49.0 

-49.0 

-49.0 

SAMPLE  RESULTS 

A  sample  of  the  measured  DREAM  radar  return  signal  is  shown  in  Figure  10a.  The  color-scale 
shows  RCS  as  a  function  of  transmitted  frequency  and  time  (or  burst  number).  The  first  post¬ 
processing  step  is  to  range-resolve  the  data  by  applying  a  discrete  fast  Fourier  transform  (FFT)  across  all 
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frequency  steps  (the  horizontal  axis  in  Figure  10a).  The  result  of  this  FFT  processing  is  shown  in  Figure 
10b,  which  shows  RCS  versus  range  and  time.  This  procedure  is  referred  to  as  range-resolving  the 
data,  and  the  data  as  presented  in  Figure  10b  is  referred  to  as  a  downrange  profile  history  (DRPH).  Only 
after  range-resolving  the  data  is  the  presence  of  six  discrete  scatterers  apparent.  The  scatterers  are 
moving  toward  the  radar,  which  is  evident  by  the  decrease  in  range  for  increasing  time  (burst  number). 


a 


GP5 

Ancwvru 


Figure  8.  (a)  Trihedral  configuration  on  the  small  boat  and  position  of  the  GPS  and  IMU  sensors,  (b) 
Profile  view  of  the  trihedrals  and  position  of  Senix  sensors. 
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Table  3.  Environmental  conditions  during  multipath  test  runs,  where  Hs  is  significant  wave  height,  T  is 
mean  wave  period,  Tp  is  peak  wave  period,  0P  is  peak  wave  direction,  0W  is  wind  direction,  and  Uw  is  wind 
speed. 


Run 

Date 

Radar 

Time 

(UTC) 

Buoy 

Time 

(UTC) 

Hs 

(m) 

T 

(s) 

9p 

(degT) 

TP 

(s) 

Wind 

Time 

(UTC) 

9w 

(degT) 

Uw 

(m  s'1) 

243 

7/27/2010 

20:11 

21:03 

0.59 

7.1 

281 

9.8 

20:20 

303 

3.1 

245 

7/27/2010 

21:04 

21:03 

0.59 

7.1 

281 

9.8 

21:20 

297 

3.9 

249 

7/27/2010 

21:54 

22:04 

0.6 

6.3 

281 

9.1 

22:20 

298 

5.2 

253 

7/28/2010 

18:09 

18:01 

0.65 

6.7 

283 

4.5 

18:20 

345 

3.8 

261 

7/28/2010 

21:57 

22:04 

0.64 

6.8 

252 

9.1 

22:20 

294 

3.7 

266 

7/29/2010 

17:22 

18:31 

0.59 

5.6 

285 

4.8 

17:20 

352 

2.0 

271 

7/29/2010 

20:47 

21:04 

0.62 

5.1 

296 

5.2 

20:20 

296 

3.9 
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Figure  9.  Wind  speed  and  direction  during  the  test  period.  Blue  diamonds  indicate  times  of  multipath 
test  runs,  and  red  circles  sea  clutter  runs. 


Figure  10.  (a)  Sample  RCS  versus  frequency  and  burst  number  (time),  (b)  The  same  data  after 
application  of  FFT  along  the  frequency  axis  in  order  to  range-resolve  the  data. 

Multipath  analyses  require  that  the  RCS  of  the  trihedrals  as  a  function  of  space  and  time  be 
extracted  from  the  acquired  radar  data.  An  example  DRPH  for  a  multipath  run  is  shown  in  Figure  1 1. 
As  the  small  boat  moves-in  in  range,  it  wraps  around  the  resolved  range  cells.  For  example,  take  a 
target  moving  from  the  furthest  range  cell  at  25.6  m  (84  ft)  to  the  first  range  cell  (note  these  cells  are 
referenced  to  the  range  position  of  the  entire  window)  —  after  moving  through  the  0  m  range  bin, 
the  target  wraps  back  around  to  the  25.6  m  (84  ft)  range  cell  and  moves  through  the  entire  range 
window  again.  This  wrapping  results  in  the  DRPH  in  Figure  1 1  having  a  checkerboard  type  appearance 
(wrapping  is  more  clearly  observed  in  the  magnified  DRPH  shown  in  Figure  10b).  Thus,  in  order  to 
identify  and  separate  the  trihedrals  in  the  radar  return  signal,  the  DRPH  must  be  unwrapped  and  then 
motion  compensated.  The  latter  is  required  because  the  boat  was  not  moving  at  a  constant  velocity, 
thus  the  unwrapping  procedure  does  not  result  in  the  trihedrals  falling  in  the  same  range  bin  for  each 
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pass  through  the  range  window.  The  result  of  unwrapping  and  motion  compensating  the  DRPH  is 
shown  in  Figure  12.  The  motion  compensated  DRPH  clearly  shows  several  distinct  scatterers  that  are 
now  aligned  within  the  same  range  bin  over  time.  The  first  two  scatterers  on  the  left  are  the  trihedrals, 
while  the  others  are  from  features  on  the  Parker.  Note  the  significantly  higher  mean  RCS  level  of  the 
trihedrals  relative  to  the  others. 

Example  comparisons  of  measured  trihedral  RCS  spatial  variations  for  HH  X-band  data  are  shown 
in  Figure  13.  The  height  information  was  obtained  from  the  Senix  sensors.  Each  sub  figure  shows 
measured  RCS  distribution  over  range  for  selected  trihedral  heights  along  with  theoretical  and  model 
predictions  for  those  heights.  Ultimately,  the  goal  is  to  improve  models  of  multipath  over  rough  ocean 
surfaces,  as  well  as  to  use  them  for  correcting  the  RCS  of  sea  clutter  in  an  effort  to  improve  wave  height 
measurements  obtained  using  radar  backscatter. 


Target  0266_plmc_0xhh 
Run  ID  0266_plmc_0xhh 
Run  date  29-Jul-2010  1?  39  00 
Ana  date  Thu.  Aug  5,  2010 


DOWNRANCE  PROFILE  HISTORY 

FC  9.3  CM2  iX> 

Res  0.3  ft 
POl  HM 

LOA  0.4  deg 


Pokrass  Labs 
Applications  Dev  Croup 


Figure  11.  Downrange  profile  history  for  a  sample  multipath  run. 
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Figure  12.  (a)  Unwrapped  downrange  profile  history  (DRPH).  (b)  Unwrapped  and  motion  compensated 
DRPH. 
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Figure  13.  Comparison  of  measured  multipath  data  (points)  to  theoretical  multipath  curves  (gray  lines) 
and  the  Miller-Brown  multipath  model  (black  lines)  for  several  different  trihedral  heights  above  the  sea 
surface. 
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SEA  CLUTTER  MEASUREMENTS 


The  primary  objective  of  these  tests  was  to  obtain  data  to  evaluate  the  ability  of  low-grazing  angle 
radars  to  provide  near-field,  near-real  time  sea-state  data  suitable  for  enabling  a  high-fidelity  ship 
control  system  to  control  ship  motion  during  Sea  Basing  ship-to-ship  logistic  operations  in  Sea  State 
(SS)  4  and  below.  To  support  this  objective,  radar  backscatter  from  the  sea  surface  was  collected  using 
both  coherent  and  incoherent  radar  systems  under  as  large  a  range  of  environmental  conditions  as 
possible  at  this  location  during  the  test  period. 

EXPERIMENTS 

Sea  clutter  test  runs  were  performed  by  aligning  the  DREAM  radar  azimuth  along  (and  into)  the 
wave  propagation  direction  and  collecting  radar  returns  continuously  for  10-20  min.  The  wave 
propagation  direction  was  estimated  by  visual  observation  of  the  incoming  wave  field,  and  post¬ 
processing  revealed  that  for  most  runs  the  DREAM  radar  azimuth  was  within  25  deg  of  the  peak 
wave  direction.  The  Parker,  operating  just  outside  the  radar  field-of-view,  collected  sea  state  data  using 
the  Senix  array,  and  personnel  aboard  also  deployed  miniature  directional  wave  buoys  for  determining  the 
actual  wave  conditions  at  times  and  locations  close  to  that  of  the  sea  clutter  runs.  In  addition,  the 
WaMoS  system  simultaneously  collected  data  during  many  of  the  DREAM  sea  clutter  runs.  A  summary 
of  the  DREAM  sea  clutter  datasets  are  shown  in  Table  4  and  the  DREAM  radar  configuration  for  these 
runs  is  provided  in  Table  5.  The  last  column  of  Table  4  indicates  whether  the  WaMoS  system  was 
collecting  data  synchronously  with  the  DREAM  system.  When  data  were  not  collected  simultaneously, 
WaMoS  data  collection  occurred  just  prior  to  or  following  the  DREAM  data  collection.  This  procedure 
was  adopted  during  testing  to  ensure  we  would  obtain  clean  data  sets  if  the  interference  between  the 
radars  was  more  significant  than  observed  by  a  cursory  review  of  data  during  testing.  Figure  9  shows 
wind  speed  and  direction  along  with  the  times  of  DREAM  sea  clutter  runs.  In  total,  about  3.5  hours  of 
sea  clutter  data  were  collected. 


Tabl 

e  4.  Summary  of 

DREAM  sea  clutter  test  runs. 

Date 

meebbsm 

Duration  (min) 

DREAM  Run  Number 

WaMoS  Data  (Y/N) 

7/27 

17:18 

10.25 

236 

Y 

7/27 

21:34 

10.1 

246 

Y 

7/27 

23:26 

10.27 

250 

Y 

7/28 

17:09 

20.14 

252 

Y 

7/28 

18:29 

10.4 

254 

N 

7/28 

19:47 

20.3 

258 

N 

7/28 

20:43 

15.24 

259 

N 

7/28 

22:30 

22.4 

263 

Y 

7/29 

15:49 

24.28 

265 

N 

7/29 

18:06 

16.22 

267 

N 

7/29 

18:54 

20.38 

268 

Y 

7/29 

20:22 

10.34 

269 

N 

7/29 

21:38 

21.6 

272 

Y 

The  WaMoS  system  processed  data  from  a  predefined  analysis  area  within  the  operating  sector  of  the 
radar.  The  location  of  this  analysis  box,  as  well  as  the  average  location  of  the  DREAM  range  window  is 
shown  in  Figure  14  along  with  the  bathymetry2  (and  topography)  of  the  test  area.  The  average  water 
depth  in  the  area  of  the  radar  measurements  was  48.4  m.  This  depth  is  near  the  deep  water  limit  for 
surface  gravity  waves,  but  some  of  the  longer  wavelength  swell  would  be  considered  within  the 


2 

Divins,  D.L.,  and  D.  Metzger,  NGDC  Coastal  Relief  Model,  http://www.ngdc.noaa. gov/mgg/  coastal/coastal.html. 

Download  provided  by  the  Southern  California  Coastal  Ocean  Observing  System  http://sccoos.org/data/bathy. _ 
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intermediate  depth  range.  The  WaMoS  analysis  area  covered  a  square  960-m  area  at  a  spatial  resolution 
of  7.5  m.  Both  the  spatial  range  extent  and  resolution  were  much  larger  than  that  associated  with  the 
DREAM  system  (see  Table  5). 


Table  5,  DREAM  radar  configuration  for  sea  clutter  test  runs. 


Logical  Radar  Title 

LR0 

LR1 

LR2 

LR3 

LR4 

LR5 

LR6 

LR7 

Band  and  Polarization 

X,HH 

X,W 

Ku.HH 

Ku,W 

X,HH 

X.W 

Ku.HH 

Ku,W 

Frequency  Steps 

2048 

2048 

2048 

2048 

2048 

2048 

2048 

2048 

fc  (GHz) 

9.3 

9.3 

15.4 

9.3 

9.3 

15.4 

15.4 

Af  (GHz) 

1.5 

1.5 

1.5 

1.5 

0.5 

0.5 

0.5 

0.5 

Resolution  (m) 

0.10 

0.10 

0.10 

0.10 

0.30 

0.30 

0.30 

0.30 

Range  Extent  (m) 

204.8 

204.8 

204.8 

204.8 

614.5 

614.5 

614.5 

614.5 

PRF  (sweeps  s'1) 

800 

800 

800 

800 

800 

800 

800 

800 

integrations 

0 

0 

0 

0 

0 

0 

0 

0 

Doppler(±m  s'1) 

6.5 

6.5 

4.0 

4.0 

6.5 

6.5 

4.0 

4.0 

Expected  NERCS  (3.7  km 
-  single  frequency) 

11 

11 

11 

11 

11 

11 

11 

11 

Expected  NERCS  (3.7  km 
-  range  resolved) 

-22.0 

-22.0 

-22.0 

-22.0 

-22.0 

-22.0 

-22.0 

-22.0 

Sensitivity  (3.7  km  -256 
sweep  Doppler  NERCS) 

-46.0 

-46.0 

-46.0 

-46.0 

-46.0 

-46.0 

-46.0 

-46.0 

Table  6  lists  relevant  characteristics  associated  with  the  DREAM  sea  clutter  runs  including:  distance 
to  the  first  range  bin  (R),  radar  azimuth  (0/-),  water  level  above  MLLW  ( h ),  antenna  height  above  the 
water  surface  (//),  grazing  angle  (0g),  and  the  difference  between  peak  wave  direction  and  radar  azimuth 
(A0=|0p-0r|).  The  peak  wave  direction  was  determined  from  miniature  directional  wave  buoy  #34,  and  h 
was  determined  from  tidal  station  #9410230.  In  a  few  cases,  the  radar  azimuth  changed  during  the  course 
of  a  run,  and  for  those  cases  a  range  of  values  is  provided  in  the  table,  but  A0  is  based  on  the  radar 
azimuth  during  the  majority  of  the  run.  In  one  case,  due  to  a  system  error,  no  azimuth  data  was 
recorded.  Lastly,  Table  7  summarizes  the  environmental  conditions  for  each  of  the  corresponding  sea 
clutter  tests  as  measured  by  one  of  the  miniature  wave  buoys  and  the  anemometer.  The  other  buoy  shows 
similar  results.  The  closest  environmental  measurements  to  that  of  the  radar  data  are  shown,  and 
these  times  are  noted  in  the  table. 

SAMPLE  RESULTS 

A  typical  2-D  distribution  of  backscatter  intensity  measured  by  the  WaMoS  system  is  shown  in 
Figure  15.  The  WaMoS  system  automatically  post-processed  this  backscatter  data  for  wave  field 
statistics  using  procedures  similar  to  those  described  in  Story  et  al.  [7]  and  Nieto  Borge  et  al.  [8].  Both 
the  backscatter  and  post-processed  data,  which  includes  1-D  spectra,  2-D  spectra,  frequency-theta 
spectra,  and  wave  statistics,  were  provided  in  separate  files  every  1-3  s.  Individual  spectra  were 
computed  from  sets  of  32  radar  sweeps  (-45  s),  and  mean  spectra  varied  but  could  represent  averages  of 
up  to  20  min. 
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Figure  14.  Bathymetry  of  the  measurement  area  along  with  the  average  position  of  the  DREAM  range 
window  and  the  location  of  the  WaMoS  analysis  box. 

Table  6.  Relevant  characteristics  associated  with  DREAM  sea  clutter  test  runs. 


Run 

R 

(m) 

9r 

(deg) 

h 

(m) 

H 

(m) 

% 

(deg) 

AG 

(deg) 

236 

674.25 

272 

1.165 

13.845 

1.18 

9.00 

246 

803.76 

269.4 

0.725 

14.285 

1.02 

12.60 

250 

803.76 

No  data 

0.536 

14.474 

1.03 

N/A 

252 

803.76 

295 

1.065 

13.945 

0.99 

18.00 

254 

915.28 

295 

1.218 

13.792 

0.86 

67.00 

258 

915.28 

275.65 

1.135 

13.875 

0.87 

12.35 

259 

915.28 

275.86 

0.974 

14.036 

0.88 

44.86 

263 

803.76 

283.15 

0.612 

14.398 

1.03 

31.15 

265 

803.76 

267.9 

0.649 

14.361 

1.02 

17.10 

267 

791.78 

283.55- 

280.94 

1.172 

13.838 

1.00 

4.06 

268 

803.76 

285.33 

1.250 

13.760 

0.98 

0.33 

269 

815.77 

300.95- 

300.03 

1.132 

13.878 

0.97 

4.95 

272 

806.17 

317.51 

0.910 

14.100 

1.00 

21.51 

Figure  16  shows  typical  DRPH  measured  by  the  DREAM  system  for  X-band  VV  and  HH 
polarizations.  The  horizontal  streaks,  particularly  for  the  HH  return,  are  due  to  interference  from  other 
radars  that  were  operating  in  the  vicinity.  An  increase  in  the  amount  of  structure  along  range  for  VV 
relative  to  HH  is  apparent.  The  sloped  lines  in  the  figure  are  due  to  propagation  of  waves  through  the 
range  window  over  time.  Their  slope  is  the  phase  speed  of  the  waves. 
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Table  7.  Environmental  conditions  during  sea  clutter  test  runs.  See  Table  3 


Run 

Date 

Radar 

Time 

(UTC) 

Buoy 

Time 

(UTC) 

Hs 

(m) 

T 

(s) 

0p 

(degT) 

TP 

(s) 

Wind 

Time 

(UTC) 

Bw 

(degT) 

Uw 

(m  s'1) 

236 

7/27/2010 

17:18 

21:03 

0.59 

7.1 

281 

9.8 

17:20 

291 

2.8 

246 

7/27/2010 

21:34 

21:34 

0.6 

7 

282 

9.8 

21:20 

297 

3.9 

250 

7/27/2010 

23:26 

22:35 

0.59 

6.2 

281 

9.8 

23:20 

298 

5.3 

252 

7/28/2010 

17:09 

17:31 

0.63 

7.1 

277 

4.8 

17:20 

353 

4.8 

254 

7/28/2010 

18:29 

18:32 

0.63 

6.9 

228 

10.7 

18:20 

345 

3.8 

258 

7/28/2010 

19:47 

20:03 

0.65 

6.2 

288 

4.8 

19:20 

324 

2.9 

259 

7/28/2010 

20:43 

21:04 

0.63 

7 

231 

9.8 

20:20 

299 

3.9 

263 

7/28/2010 

22:30 

22:04 

0.64 

6.8 

252 

9.1 

22:20 

294 

3.7 

265 

7/29/2010 

15:49 

18:31 

0.59 

5.6 

285 

4.8 

15:20 

284 

2.0 

267 

7/29/2010 

18:06 

18:31 

0.59 

5.6 

285 

4.8 

18:20 

323 

1.2 

268 

7/29/2010 

18:54 

18:31 

0.59 

5.6 

285 

4.8 

19:20 

311 

3.3 

269 

7/29/2010 

20:22 

21:04 

0.62 

5.1 

296 

5.2 

20:20 

296 

3.9 

272 

7/29/2010 

21:38 

21:04 

0.62 

5.1 

296 

5.2 

21:20 

294 

3.9 

7/27/2010  21:33:56  UTC 


x(m) 


Figure  15.  Sample  WaMoS  backscatter  intensity  (12-bit)  map.  The  x-direction  is  equivalent  to  the  range 
direction  for  the  DREAM  data. 
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The  DREAM  system  measured  phase  variation  in  time  was  used  to  determine  the  Doppler  velocity 
distribution.  The  standard  way  of  computing  Doppler  distributions  is  by  applying  an  FFT  over  time  to 
the  (complex-valued)  DRPH  [9].  A  typical  measured  distribution  is  shown  in  Figure  17.  A  mean 
velocity  of  about  1  m  s'1  towards  the  pier  is  evident.  This  offset  contains  a  number  of  contributing 
factors  including  phase  speed  of  capillary  waves  and  currents  of  all  sources;  however,  a  thorough 
understanding  of  the  sources  of  this  offset  remains  a  topic  of  current  research.  Variation  about  the  mean 
value  is  also  evident,  which  is  primarily  attributed  to  orbital  velocities  of  the  long  surface  gravity  waves, 
but  also  contains  other  unsteady  contributions  such  as  phase  speed  of  breaking  waves  [10]. 


Figure  16.  Sample  DREAM  DRPH  of  sea  clutter  for  X-band  (a)  W  polarization  and  (b)  HH  polarization. 
Both  examples  are  within  10  min  of  the  sample  data  shown  in  Figure  15. 

Doppler  velocities  can  also  be  computed  using  pulse-pair  processing  [9,  11,  12].  This  approach 
provides  an  estimate  of  the  mean  Doppler  velocity  for  each  range  bin  rather  than  the  distribution 
shown  in  Figure  17.  A  sample  result  is  provided  in  Figure  18,  where  any  trend  along  range  has  been 
removed.  Note  that  the  sign  convention  is  opposite  that  of  Figure  17,  i.e.,  positive  velocities  are 

towards  the  radar  (SIO  pier).  The  majority  of  the  values  are  well  within  ±0.5  m  s"1,  which  is  typical  of 
orbital  velocity  values.  Larger  velocities  are  also  sparsely  present,  which  could  be  associated  with 
phase  speed  of  breaking  waves  and/or  phase  speed  of  smaller  meter-scale  waves  [10,  13].  As 
demonstrated  in  Hackett  et  al.  [11],  these  velocity  distributions  are  used  to  compute  velocity 
spectra,  and  subsequently  converted  to  sea  surface  elevation  spectra  using  linear  wave  theory  in  order  to 
obtain  radar-based  wave  field  statistics.  Sample  comparisons  of  wave  height  spectra  obtained  from  the 
post-processed  WaMoS  data  and  DREAM  Doppler  data  along  with  that  measured  by  the  Senix  array  and 
a  miniature  wave  buoy  is  shown  in  Figure  19.  (Future  reports  will  provide  further  details  on 
comparisons  of  spectra  and  wave  statistics  from  different  sources,  as  well  as  details  on  the  processing 
algorithms.) 
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Range  (m) 


Figure  17.  Sample  X-band  VV  Doppler  velocity  distribution  along  range;  color  scale  is  in  dBsm.  The 
data  is  from  the  same  time  periods  as  Figures  15  and  16.  Negative  velocities  are  towards  the  radar  (SIO 
pier). 


range  (m) 


Figure  18.  Sample  distribution  of  mean  X-band  W  Doppler  velocity.  Note  any  trend  or  offset  along 
range  has  been  removed  and  positive  velocities  are  towards  the  radar  (SIO  pier). 
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Figure  19.  Sample  comparisons  of  1-D  wave  height  spectra  measured  by  the  various  sensors. 


ONGOING  AND  FUTURE  RESEARCH 

The  data  described  in  this  report,  which  were  acquired  during  field  experiments  performed  in  July 
2010,  are  currently  being  analyzed  as  part  of  research  on  several  different  topics.  First,  comparisons 
between  the  WaMoS  and  DREAM  sea  clutter  data  are  being  used  to  understand  the  impact  spatial  and 
temporal  resolution  have  on  the  quality  of  retrieved  wave  statistics.  Second,  multipath  data  and  sea- 
clutter  data  are  being  used  to  evaluate  how  large  a  contribution  multipath  is  making  to  the  sea  clutter 
signal,  how  it  can  be  removed,  and  what  impact  removing  it  would  have  on  the  accuracy  of  derived 
wave  statistics.  Third,  DREAM  sea  clutter  data  is  being  analyzed  to  investigate  alternative  approaches 
for  extraction  of  wave  information  from  radar  data  using  both  coherent  and  incoherent  signals.  This 
effort  includes  evaluating  whether  incorporation  of  coherent  return  signals  yields  improved  accuracy  and 
reliability  in  comparison  to  using  only  incoherent  measurements.  Furthermore,  this  data  is  being  used  to 
improve  our  understanding  of  both  coherent  and  incoherent  backscatter  from  the  sea  surface.  Lastly, 
the  multipath  data  is  being  utilized  to  improve  multipath  models  over  rough  ocean  surfaces.  The  reader 
should  look  for  future  reports  on  these  topics. 
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